Piezoelectric materials are widely used as smart structures in cubic reconnaissance satellites because of their sensing, actuating, and energy-harvesting abilities. In this study, an analytical model is developed in specific mechanical thermal shocking conditions. A special circuit and apparatus is designed for experimentation on the basis of the inverse piezoelectric effect. An equivalent circuit method is used to establish the relationship between the resistance and peak-to-peak voltage of lead zirconate titanate used as smart materials for cubic reconnaissance satellites. Various frequencies and resistance were applied in different mechanical thermal shocking conditions. Moreover, numerical simulations are conducted in various mechanical loading conditions to determine the accumulative effect. The model provides a novel mechanism to characterize the smart structures in cubic reconnaissance satellites. A rise in temperature increases peak-to-peak voltage; a rise in frequency decreases peak-to-peak voltage; and intensified resistance decreases peak-to-peak voltage. Based on experimentation and simulation, the optimum resistance is predicted for the various frequencies and temperatures. The various conditions may correspond to the different applications of smart structures for cubic reconnaissance satellites. The analytical calculations are in good agreement with experimental and numerical calculations.
Introduction
Satellites have been used in many military applications, including infrared sensors to track missile launches, electronic sensors to listen to classified conversations, and optical and other sensors to aid in military surveillance. Reconnaissance satellites have also been proven beneficial to civilians, such as with the use of commercially available satellite photographs with surface features and structures (e.g., fire-sensing photographs of remote forested areas). The future of the aerospace industry depends on the development of smart structures (i.e., piezoelectric materials) [1, 2] . Since the last few decades, the importance of smart structures (i.e., from nanostructures to megastructures) is undeniable. However, to optimize megastructures as microstructures, energy as an external voltage source is needed to sense and actuate a device. To overcome this problem, smart structures (e.g., piezoelectric materials) have been considered because of their self-actuation properties, although their structural dimensions and weight should be optimized for cubic satellites. The future of the aerospace industry highly depends on the application of these smart structures. On the one hand, smart structures can be directly used as a power source to recharge batteries and provide energy to wireless sensors in satellites; on the other hand, they can be easily molded to any shape [3] [4] [5] . Very large space structures are difficult to control because of damping issues, but these problems can be resolved using smart structures [6] . However, a fundamental problem in designing satellites is the effect of resistance and frequency caused by a robust satellite structure [7] . Accordingly, reconnaissance satellite structures can adapt to space environments by utilizing smart materials to dampen the vibrations of active tuned mass dampers [8] . Piezoelectric sensors can also be used as pneumatic controls for different actuators, which in turn can be further utilized in various applications [9] . Furthermore, mechanical thermal shocking conditions are important for space structure stability and workability; accordingly, the Moiré method was proposed because 90 % of the reduction was observed in theodolites [10] . Weight reduction is also important to ensure the robustness and optimization of satellite designs [11] . However, depolarization is complicated at high thermal shocking temperatures near the Curie temperature; at this point modal analysis at various frequency levels can be used to obtain the most optimized vibration and resistance [12] . An analytical solution for piezoelectric bimorph energy harvesters is presented to observe the range of satellite tuning for various frequency applications and resistances, and ultimately, to achieve a hybrid structure [13] . Subsequently, the electrical and mechanical properties of piezoelectric materials are predicted in different thermal conditions to obtain the optimized results for satellites with smart structures [14] . Energy is wasted when satellites vibrate; however, this energy can be utilized in a relatively good way using piezoelectric patches. Experimental results have verified the importance of piezoelectric patches for the structural stability of satellites [15] . A piezoelectric voltage equation is also developed based on the structure combination theory in which voltage is dependent on frequency [16] . A modal analysis has exhibited how piezoelectric plates can behave differently from piezoelectric beams, in which the results have been predicted by a numerical solution using the Hamilton-Jacobi equation [17] [18] [19] [20] [21] . Overall, reconnaissance satellites are widely used for both military and civilian applications because of their spatial resolution, longevity, and surveillance abilities [22, 23] .
In previous studies, a cubist satellite with 15 mm relative displacement showed no change in behavior when its structural change was aimed toward optimization [24, 25] . In other works, the response of peak-to-peak voltage in various thermal shocking conditions differed from shocking at constant temperature because of degradation [26, 27] . Moreover, dynamic loadings in various frequency and resistance conditions behaved differently for degraded piezoelectric materials, as opposed to static loading in dynamic conditions [28] [29] [30] [31] .
In this study, a translation model for a cubic reconnaissance satellite with smart structures is developed to predict the response of piezoelectric materials toward thermal shocking in various frequency and resistance conditions. The formulated analytical model is verified by experimentation and simulation. The ultimate goal of this study is to use piezoelectric materials (i.e., smart structure) for the construction of a cubic reconnaissance satellite with a wireless sensor network, as well as for the structural health monitoring of its micro-electro mechanical system.
Analytical modeling of reconnaissance satellites
Ten piezoelectric patches are mounted on the external surface of the reconnaissance satellites, with two patches specifically placed on one side ( Fig. 1(a) ). To simplify the analytical model, only one piezoelectric patch is analyzed because the total effect of all patches is the accumulative effect of a single patch ( Fig. 1(b) ).
The structure comprises a base and a heat filament element for the thermal shocking of the piezoelectric material; both materials are rigid. The mass is connected to a base via a mass spring damper system, while the piezoelectric material is placed between copper electrodes (i.e., cathode and anode), which in turn are connected to the mass and the base. In this closed-loop system, the transfer function is stabilized by placing all poles in the left part of the root locus. The behavior of the satellite system is represented as a block diagram, as shown in Fig. 2 .
In Eq.
(1), M is the rigid mass of the base connected to oscillating mass m via damper c and spring k. The piezoelectric patch is placed between two electrodes with resistance R. The displacement of the oscillating mass is denoted as u (t), displacement of base excitation as y (t), and voltage generated by the piezoelectric patch as v (t). The electromechanical coefficient is represented by q , while the capacitance of the piezoelectric patch is represented by C p . Moreover, Q m is the mechanical quality factor of the piezoelectric material, which is dependent on operating temperature. According to Newton's second law of motion, ( ) 
